ABSTRACT
K
aposi's sarcoma-associated herpesvirus (KSHV) is an oncogenic gammaherpesvirus that causes several malignancies, such as Kaposi's sarcoma (KS), primary effusion lymphomas (PELs), and multicentric Castleman's disease (MCD), in immunocompromised individuals (1, 2) . The life cycle of KSHV consists of a predominant latent phase marked by restricted gene expression and a transient lytic replication phase characterized by the production of functional virions. KSHV maintains a lifelong persistent infection in susceptible hosts after primary infection (3, 4) . One of the main factors contributing to the successful lifelong persistence of KSHV is its astounding ability to hide from host immune surveillance. During the course of evolution, KSHV has evolved multiple mechanisms to evade and modulate nearly all aspects of both the innate and adaptive immunities of infected hosts (5) (6) (7) .
Latency-associated nuclear antigen (LANA or LANA-1) is the most abundantly expressed protein in all KSHV-infected cells (8) (9) (10) . LANA is a large multifunctional protein that plays diverse roles in maintaining successful KSHV latency, such as the maintenance of viral episomes, the transcriptional regulation of many viral and cellular genes, and the progression of the cell cycle (1, 11, 12) . Since latency is the immunologically silent stage of the KSHV life cycle and since LANA is the major latent protein, it has been speculated that LANA plays active roles in the modulation of the host immune response. Indeed, LANA has been shown to inhibit many aspects of the host's innate and adaptive immune pathways, including interference with neutrophil recruitment and tumor necrosis factor alpha (TNF-␣) signaling (13) , interference with interferon (IFN) signaling (14) , and inhibition of major histocompatibility complex class I (MHC-I) peptide presentation (15, 16) . Recently, LANA was also shown to inhibit the MHC-II antigen presentation pathway by inhibiting the transcription of the class II transactivator (CIITA) (17) . The effectiveness of adaptive immunity, which is a critical arm of the antiviral host defense, relies primarily on the activation of CD4 ϩ T cells. Activation of CD4 ϩ T cells seems to be particularly important for anti-KSHV immunity (18, 19) . MHC-II molecules play a central role in the activation of CD4 ϩ T cells by presenting antigenic peptides to these cells (20, 21) . Since peptide presentation in conjunction with MHC-II molecules is indispensable for the activation of CD4 ϩ T cells, downregulation of MHC-II molecules is a strategy frequently employed by many viruses (22) . Reports from the past couple of years established that KSHV has the ability to downregulate MHC-II molecules (17, (23) (24) (25) . Since the ability of KSHV to persist in infected hosts critically depends on being invisible to CD4 ϩ T cells, KSHV most likely uses multiple simultaneous strategies to efficiently block the MHC-II antigen presentation pathway.
MHC-II molecules are highly polymorphic cell surface glycoproteins consisting of an alpha chain and a beta chain, which are constitutively expressed in professional antigen-presenting cells (26, 27) . In humans, there are three "classical" isotypes, HLA-DR, HLA-DP, and HLA-DQ, that are present on the cell surface. The MHC-II gene family also includes the "nonclassical" cytoplasmic molecules HLA-DM and HLA-DO and the invariant chain (Ii) involved in peptide loading. Expressions of all the members of the MHC-II gene family are highly coordinated and regulated predominantly at the level of transcription (28) (29) (30) . The promoters of all MHC-II genes contain highly conserved cis-acting DNA sequences consisting of S-X-X2-Y boxes, which are bound by various nuclear proteins. These proteins include regulatory factor X (RFX), nuclear factor Y (NF-Y), and cyclic AMP (cAMP) response element-binding protein (CREB) (29, 31) . The RFX complex (RFX-Cx) is a heterotrimeric complex composed of RFX5, RFXassociated protein (RFXAP), and RFXANK that binds to the S and X boxes, and NF-Y and CREB bind to the Y and X2 boxes, respectively (32) (33) (34) (35) (36) (37) (38) (39) . The coordinated binding of these protein complexes to the conserved sequences of the MHC-II promoter makes the functional MHC-II enhanceosome (reviewed in references 22 and 40) . Among these proteins, the RFX complex is the core DNAbinding component of the MHC-II enhanceosome. It facilitates the assembly of other enhanceosome proteins onto the MHC-II promoters (30, (41) (42) (43) . All three components of the RFX complex are indispensable for constitutive and induced expression of MHC-II genes. Once assembled on MHC-II promoters, the enhanceosome complex recruits a transcriptional coactivator, CIITA, a master regulator of MHC-II expression. All the components of the MHC-II enhanceosome except CIITA are constitutively expressed in almost every cell type in humans (44) . However, the expression of CIITA is constitutive only in antigenpresenting cells but can be induced in most other cell types in response to IFN-␥ (44) . Binding of CIITA to the MHC-II promoters is absolutely critical for the transcription of MHC-II genes. However, CIITA does not possess any DNA-binding domain to bind directly to the MHC-II promoter. Instead, it is recruited through the proteins of the enhanceosome complex, especially through a direct association with RFX5. Once bound to the MHC-II enhanceosome, CIITA orchestrates the transcription of MHC-II genes by recruiting the remaining transcriptional machinery to the promoters (40, (45) (46) (47) .
So far, two KHSV latent proteins, viral interferon regulatory factor 3 (vIRF3) and LANA, have been reported to downregulate the MHC-II antigen presentation pathway (17, 18, 23, 25) . A previous report by Cai et al. demonstrated that LANA downregulates MHC-II through the inhibition of CIITA transcription by suppressing PIII and PIV promoter activities (17) . In this study, we identified an additional mechanism used by KSHV LANA to inhibit the expression of MHC-II genes. We show that LANA interferes with the assembly of a functional MHC-II enhanceosome by reducing the binding of CIITA to the HLA-DRA promoter. Immunoprecipitation (IP) experiments showed that LANA binds to all the three components of the RFX complex in vivo but preferentially binds to RFXAP in in vitro assays. Similarly, chromatin immunoprecipitation (ChIP) assays determined that LANA associates with chromatin of the HLA-DRA promoter. Electrophoretic mobility shift assays (EMSAs) further supported the association of LANA with the HLA-DRA promoter through its interactions with the components of the RFX complex. Additionally, the expression of LANA reduced the activity of the HLA-DRA core promoter in a dose-dependent manner even when CIITA was expressed through a constitutive cytomegalovirus (CMV) promoter, confirming that the presence of LANA prevents the binding of CIITA to the HLA-DRA promoter. The disruption of CIITA binding to the enhanceosome was further supported by a chromatin immunoprecipitation assay that showed a decreased association of CIITA at the HLA-DRA promoter in the presence of LANA. Taken together, these data identify a novel mechanism used by KSHV LANA to deregulate the expression of MHC-II genes. nology). Mouse monoclonal anti-LANA antibody was a gift from Ke Lan (Institute Pasteur of Shanghai, Shanghai, China).
Plasmids. To construct mammalian expression plasmids, RFXANK was PCR amplified from a Myc-DDK-tagged RFXANK clone (catalog number RC220744; Origene USA) and cloned into the Flag-tagged pA3F or Myc-tagged pA3M vector at BamHI and EcoRI restriction sites. RFXAP was PCR amplified from BJAB cell cDNA for cloning into vectors pA3F and pA3M at BamHI and EcoRI sites. RFX5 was PCR amplified from the RFX5-green fluorescent protein (GFP) construct (received from Jeremy Boss, Emory School of Medicine) and was subcloned into vector pA3M or pA3F at HindIII and EcoRV restriction sites. All the truncation mutants of RFXAP were PCR amplified from full-length RFXAP for subcloning into the pA3M or pA3F vector at BamHI and EcoRI restriction sites. CIITA was similarly PCR amplified from the CIITA plasmid (a gift from Jenny Ting, UNC) for cloning into vector pA3F using BglII and EcoRI restriction sites. In-frame positions of all the clones with the respective tags were confirmed by DNA sequencing performed at the Nevada Genomics Center, University of Nevada, Reno, NV. The HLA-DRA-Luc plasmid was a generous gift from Jenny Ting (UNC). Myc-tagged full-length LANA (pA3M-LANA), Flag-tagged full-length LANA (pA3F-LANA); deletion mutants containing the LANA N-terminal domain (LANA-N) (amino acids [aa] 1 to 340) and the LANA C-terminal domain (LANA-C) (aa 940 to 1162); GFP-nuclear localization signal (NLS)-Myc; GFP-LANA-NMyc (aa 1 to 340) and its truncation mutants GFP-LANA-N250 -Myc (aa 1 to 250), GFP-LANA-N150 -Myc (aa 1 to 150), and GFP-LANA-N32-Myc (aa 1 to 32); and the lentiviral construct pLVX-LANA-YFP-Flag and its control construct pLVX-YFP-Flag were described previously (48) . Short hairpin RNA (shRNA)-expressing plasmids, control shRNA (shControl), and LANA shRNA (shLANA) were described previously (49) . LANA-N-glutathione S-transferase (GST) and LANA-C-GST were also described previously (50) .
DNA transfections. HEK293T cells were seeded at a density of 5 ϫ 10 6 cells per 100-mm dish the day before transfection. Plasmids of interest were transfected by using polyethylenimine (PEI) (Polysciences, Inc.). Approximately 60 g of total plasmid DNA was mixed with 150 mM NaCl and 70 l of PEI solution (1 mg/ml, pH 7.0). The resulting transfection mix was incubated at room temperature for 15 min and then added dropwise onto the cells. For reporter assays, transfections were done by using Metafectene (Biontex Laboratories, GmbH) according to the manufacturer's protocol. B cells were transfected by electroporation as described previously (51) . Coimmunoprecipitation assays and Western blot analysis. Approximately 20 million cells expressing the proteins of interest were washed with PBS (phosphate-buffered saline) (10 mM NaPO 4 , 137 mM NaCl, 2.5 mM KCl [pH 7.5]) and lysed in radioimmunoprecipitation assay (RIPA) cell lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, and 1% NP-40) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 g/ml pepstatin, 10 g/ml leupeptin, and 10 g/ml aprotinin). Cellular lysates were then sonicated to shear DNA and centrifuged at 12,000 rpm for 10 min at 4°C to remove cellular debris. The supernatants were precleared with protein A-and G-conjugated Sepharose beads (GE Healthcare) for 30 min at 4°C and gently rotated overnight at 4°C with specific antibodies. The resulting immunocomplexes were captured by the addition of protein A-and G-conjugated Sepharose beads and rotation of the lysates for 2 h at 4°C. The immunocomplexes were collected by centrifugation at 2,000 rpm for 2 min at 4°C. The beads were washed three times with ice-cold RIPA buffer supplemented with protease inhibitors and boiled in 50 l of SDS-PAGE sample loading buffer for 5 min. The immunoprecipitated proteins and the respective total cell lysates were resolved on a 9% SDS-polyacrylamide gel and transferred onto 0.45-m nitrocellulose membranes (GE Healthcare) at 100 V for 75 min. The blots were blocked with 5% nonfat milk in TBST buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% Tween 20) and washed three times with TBST buffer before incubation overnight at 4°C with specific primary antibodies. The blots were washed three times with TBST, followed by incubation with appropriate secondary antibodies conjugated with Alexa Fluor 680 or Alexa Fluor 800 (Molecular Probes, Carlsbad, CA) secondary antibodies at 1:10,000 dilutions. The membranes were scanned with the Odyssey scanner (Li-Cor, Lincoln, NE).
Yeast two-hybrid assay. LANA-N (aa 1 to 340) was cloned in frame with the DNA-binding domain of GAL4 (GAL4-DBD) of a pAS1 vector (Clontech, Mountain View, CA) for use as bait. This plasmid was transformed into Saccharomyces cerevisiae strain Y190 (Clontech, Mountain View, CA) and selected on DOBA-Trp dropout medium (Clontech, Mountain View, CA). The expression level of LANA-N with a DBD fusion protein was determined by using an anti-GAL4 DBD antibody (Santa Cruz Biotechnology, Inc.) for Western blot analysis. Yeast strain Y190 containing LANA-N-DBD was transformed with a cDNA library (generous gift from Erle S. Robertson, University of Pennsylvania) cloned into the pACT vector and selected on DOBA-Trp, His, Leu dropout medium (Clontech, Mountain View, CA) in the presence of 30 mM 3-aminotriazole, as described previously (52) . Selected colonies were subjected to plasmid isolation and were further electroporated into E. coli DH5␣ cells for their amplification. Plasmid DNAs from individual bacterial colonies were isolated and subjected to sequencing at the Nevada Genomics Center after determination of their restriction patterns. Identities of the cDNA clones were determined by matching sequences with the database sequence (NCBI).
Immunofluorescence assay. KSHV-positive BCBL-1 and BC-3 cells were washed with PBS before they were spread onto coverslips. The cells were allowed to air dry for 10 min and fixed with 4% paraformaldehyde for 10 min at room temperature, followed by permeabilization with 0.2% Triton X-100 in PBS for 10 min at room temperature. Cells were blocked with PBS containing 0.4% fish skin gelatin and 0.05% Triton X-100 for 30 min at room temperature. The cells were then incubated with specific primary antibodies for 1 h at room temperature and washed with PBS before incubating them with Alexa Fluor-conjugated secondary antibodies (Molecular Probes) for 45 min at room temperature. The cells were washed three times with PBS to remove nonspecifically bound antibodies before staining with the nuclear stain To-Pro3 (Molecular Probes). Images were captured by using a confocal laser scanning microscope (Carl Zeiss, Inc.).
ChIP assay. Chromatin immunoprecipitation was performed as described previously (53) . Briefly, 15 million to 20 million cells were fixed with a final concentration of 1% formaldehyde for 10 min at room temperature, followed by the addition of glycine at a final concentration of 125 mM for 5 min to block cross-linking. The cells were rinsed three times with ice-cold PBS and lysed in cell lysis buffer [5 mM piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES) (pH 8.0), 85 mM KCl, and 0.5 mM NP-40] supplemented with protease inhibitors for 10 min on ice. The nuclei were enriched by low-speed centrifugation and resuspended in protease inhibitor-supplemented nuclear lysis buffer containing 50 mM Tris-HCl (pH 8.1), 10 mM EDTA, and 1% SDS. Chromatin was sonicated to an average length of 500 to 800 bp and centrifuged for 10 min at 13,000 rpm to remove the cell debris. The resulting supernatant was diluted 5-fold with ChIP dilution buffer containing 16.7 mM Tris-HCl (pH 8.1), 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100, and protease inhibitors. The diluted chromatin was precleared with protein Aand G-conjugated Sepharose beads pretreated with 1 mg/ml bovine serum albumin (BSA) and 1 mg/ml sheared salmon sperm DNA for 30 min at 4°C with rotation, followed by incubation overnight with either control or specific antibodies at 4°C with rotation. Immune complexes were collected by incubation with protein A-and G-conjugated Sepharose beads for 1 to 2 h at 4°C. The beads were collected and washed subsequently with a low-salt buffer (0.1% SDS, 1.0% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.1], 150 mM NaCl), a high-salt buffer (0.1% SDS, 1.0% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.1], 500 mM NaCl), and an LiCl wash buffer (0.25 M LiCl, 1.0% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris [pH 8.0]). The beads were then washed twice with Tris-EDTA buffer, and chromatin was eluted by using an elution buffer (1% SDS, 0.1 M NaHCO 3 ) and reverse cross-linked by the addition of 0.3 M NaCl at 65°C overnight. Eluted DNA was precipitated, treated with RNase and proteinase K at 45°C for 2 h, and purified by using a Min-Elute PCR purification kit (Qiagen, USA). The purified DNA was analyzed by PCR for the presence of the HLA-DRA promoter region.
Primers used for HLA-DRA promoter amplification were described previously (forward primer 5=-GTTGTCCTGTTTGTTTAAGAAC-3= and reverse primer 5=-GCTCTTTTGGGAGTCAG-3=) (44) . KSHV terminal repeat (TR) primers were also described previously (forward primer 5=-GGGGGACCCCGGGCAGCGAG-3= and reverse primer 5=-GGCTCC CCCAAACAGGCTCA-3=) (51) .
Dual-luciferase reporter assay. A total of 5 ϫ 10 5 HEK293L cells were seeded into 6-well plates the day before transfection. The cells were cotransfected with 0.5 g of the DRA-Luc reporter plasmid, 0.2 g of the CIITA-Flag plasmid, and increasing amounts of the LANA expression vector (1, 2, and 3 g). The pA3F empty vector was used as filler DNA. Transfection efficiencies were monitored by transfection of the GFP-containing vector pEGFP. The Renilla luciferase-expressing plasmid (pRRLSV40) was transfected at 40 ng/well for data normalization. All the transfections for reporter assays were done by using Metafectene (Biontex Laboratories, GmbH) according to the manufacturer's protocol. At 36 h posttransfection, cells were lysed in cell lysis buffer (Promega), and 50 l of the cell lysate was used for the reporter assay by using a dual-luciferase reporter assay kit (Promega, USA). Relative luciferase units (RLU) were calculated after normalization of the HLA-DRA luciferase readings with Renilla luciferase to account for the transfection efficiencies. A portion of the cell lysates was used for Western blotting to detect LANA, CIITA, and GAPDH. All experiments were repeated multiple times, and the data shown are means of data from three independent experiments.
In vitro translation and GST pulldown assay. For the GST pulldown assays, GST fusion proteins were expressed in E. coli BL21 cells. Briefly, the cells were induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 4 h at 37°C, and the GST fusion proteins were extracted from the bacterial cell lysates by using glutathione-Sepharose beads (GE Healthcare, USA). Components of the RFX complex and its truncation mutants RFXAP⌬1-70, RFXAP⌬1-150, and RFXAP⌬1-240 were translated in vitro by using a TNT T7 Quick coupled transcription-translation system (Promega, Madison, WI). Nearly 3 g of expression plasmids was translated per 50-l reaction mixture containing 1 mM (32 Ci) [ 35 S]methionine, according to the manufacturer's protocol. The translated proteins were rotated overnight at 4°C with either control GST, LANA-N-GST, or LANA-C-GST in NETN binding buffer (0.1% NP-40, 20 mM Tris, 1 mM EDTA, and 100 mM NaCl) supplemented with protease inhibitors. Control GST, LANA-N-GST, and LANA-C-GST proteins were described previously (54) . The next day, GST-bound proteins were gently washed three times in ice-cold NETN binding buffer supplemented with protease inhibitors, and the precipitated protein complexes were resolved on SDS-PAGE gels and detected by autoradiography.
Electrophoretic mobility shift assay. Electrophoretic mobility shift assays (EMSAs) were performed by using a double-stranded oligonucleotide containing the HLA-DRA X-box sequence as a probe. This sequence is known to bind to the RFX complex in gel shift assays (55) . The probe was end labeled with ␣-32 P and purified on a GE Illustra ProbeQuant G-50 microcolumn (GE Healthcare, USA). RFX complex proteins and LANA-N (aa 1 to 340) proteins were translated in vitro by using a TNT Quick coupled transcription-translation rabbit reticulocyte lysate system (Promega, USA). A 40-l DNA-protein binding assay mixture contained 12 mM HEPES (pH 7.9), 12% glycerol, 60 mM KCl, 5 mM MgCl 2 , 0.12 mM EDTA, 0.3 mM dithiothreitol (DTT), 0.1 g poly(dI/dC), and 0.05 g of denatured salmon sperm DNA as a carrier (55) . In vitro-translated proteins were preincubated on ice for 10 min before the addition of 1 l of end-labeled DNA probe. The reaction mixture was incubated on ice for 30 min, and the bound complexes were resolved on 5% nondenaturing polyacrylamide gels in 0.5ϫ TBE buffer (0.045 M Tris-borate [pH 8.2], 1.0 mM EDTA). The gel was run at 4°C at 100 V for 20 h. The signals were detected by autoradiography.
Quantitative real-time PCR (qRT-PCR) assays. For quantitative reverse transcriptase PCR assays, total mRNA from the cells was extracted by using an Illustra RNAspin minikit (GE Healthcare) according to the manufacturer's instructions, and cDNA was made by using a High Capacity cDNA reverse transcription kit (Applied Biosystems, USA). Each PCR mixture consisted of 10 l of 2ϫ PCR master mix (Applied Biosystems, USA), 1 M each forward and reverse primers, and 2 l of cDNA. The cDNA was amplified on an ABI StepOne Plus real-time PCR machine (Applied Biosystems, USA), and relative gene copy numbers or transcript numbers were calculated by the ⌬⌬C T method. Each experiment included duplicate samples, and the data shown represent the means of data from three independent experiments. P values were calculated by two-tailed t tests using GraphPad (Prism 6) software. The primer sequences used for the amplification of different HLA genes were taken from a previous report and are listed in Table 1 (23) .
RESULTS

LANA interacts with the components of the RFX complex.
Since LANA is a major latent protein, is expressed ubiquitously in all KSHV-infected cells, and modulates various cellular pathways, we sought to identify LANA-interacting proteins. Our yeast two-hybrid screen with the amino-terminal domain of LANA fused to the GAL4-DNA-binding domain (as bait) identified a number of cellular proteins, which are listed in Table 2 . The clones of these identified proteins were detected at least twice in the screen. With the aim of determining the role of LANA in immune modulation, we focused further studies on RFXAP, a component of the RFX complex (RFX-Cx) critical for the transcription of HLA genes. RFX complex proteins are absolutely essential for the expression of MHC-II molecules. In order to determine whether RFX complex proteins interacted with LANA in KSHV-infected cells, we performed coimmunoprecipitation assays with the KSHV-infected primary effusion lymphoma (PEL) cell lines BCBL-1 and BC-3. The results of these coimmunoprecipitation experiments showed that all three components of the RFX complex, RFX5, RFXAP, and RFXANK, coimmunoprecipitated with LANA in 
KSHV-positive BCBL-1 and BC-3 PEL cells (Fig. 1A , lanes 3 and 6). The lack of RFX protein precipitation with control antibody (CoAb) confirmed the specificity of the LANA association with these proteins (Fig. 1A , lanes 2 and 5). In order to further validate the interactions between LANA and the components of the RFX complex, we examined the colocalization of LANA with RFX proteins in BC-3 and BCBL-1 cells by an immunofluorescence assay. As expected, LANA showed typical punctate staining in the nucleus (Fig. 1B, red) . The components of the RFX complex, RFX5, RFXAP, and RFXANK, showed a distinct staining pattern in the nucleus (Fig. 1B, green) . As shown in the merged images in Fig.  1B , all three proteins of the RFX complex showed various degrees of colocalization with LANA in the nuclear compartments of both PEL cell lines BC-3 and BCBL-1 (Fig. 1B , yellow dots), suggesting that some fraction of LANA is in the vicinity of the RFX proteins in the nucleus of KSHV-infected cells. To assess whether KSHV/ LANA altered the normal localization patterns of RFX proteins, we examined the staining patterns of RFX proteins in KSHV-negative BJAB cells. Not surprisingly, BJAB cells also showed distinct staining patterns for RFX proteins, which were very similar to the patterns seen in KSHV-positive PEL cells (Fig. 1B) . LANA was not detected in these BJAB cells, as expected. Nuclei of these PELs and BJAB cells were stained with To-Pro3, and the integrity of these cells was confirmed by differential interference contrast (DIC) microscopy ( Fig. 1B) .
In an attempt to determine whether all the components of the RFX complex were in the same nuclear compartment as LANA, we determined the colocalization of LANA with two RFX proteins and RFX5 (blue), which was also seen in KSHV-positive PEL cells (Fig. 1C , merged images), confirming that these RFX proteins are in the same nuclear compartments. We expect RFXANK to be in the same loci, but we were unable to perform colocalization experiments for all three RFX proteins with LANA because of a lack of host-specific antibody for all three RFX proteins. LANA associates with the RFX complex independent of other viral components. Next, we wanted to determine whether LANA alone is sufficient for its association with the components of the RFX complex or whether it requires any other viral latent proteins to associate with the components of the RFX complex. To this end, we performed coimmunoprecipitation assays of individual RFX proteins with LANA in an overexpression system in HEK293T cells. Lysates from cells cotransfected with plasmids expressing either control Flag or LANA-Flag and Myc-tagged RFX5, RFXAP, or RFXANK were subjected to immunoprecipitation with antiFlag antibody. Detection of coprecipitating RFX proteins showed efficient binding of all three proteins of the RFX complex to LANA ( Fig. 2A to C) . The lack of coprecipitating RFX proteins in the control Flag lane confirmed the specificity of the assay. These results demonstrate that the presence of LANA is sufficient for association with the components of the RFX complex.
Since all three components of the RFX complex, RFX5, RFXAP, and RFXANK, associated with LANA in PEL cell lines as well in the overexpression systems, we wanted to determine whether any of these three RFX proteins of the trimeric complex is the main interacting partner of LANA. To answer this, we performed an in vitro-binding assay by using in vitro-translated and [
35 S]methionine-labeled proteins. The sizes of these in vitrotranslated proteins were confirmed by Western blotting with a specific antibody. The radiolabeled proteins of the RFX complex were incubated with in vitro-translated Flag-LANA of the empty vector for immunoprecipitation with anti-Flag antibody. The proteins were resolved on SDS-PAGE gels, and monitoring by autoradiography detected coimmunoprecipitating RFX proteins, which were also confirmed by specific antibodies. Consistent with the results of our endogenous and expressed protein immunoprecipitation assays, all three components of the RFX complex coimmunoprecipitated with LANA (Fig. 2D) . Although all three components of RFX bound with LANA, the level of RFXAP binding was higher when normalized to the respective inputs. The binding efficiencies calculated by taking the input as 1 are presented in parentheses in Fig. 2D (with RFXAP at 0.81). These results again confirmed that LANA associates with the components of the RFX complex independent of other KSHV components. To validate these results by another experimental approach, we performed glutathione S-transferase (GST) fusion protein pulldown experi- ments. In this assay, in vitro-translated and [ 35 S]methionine-labeled RFX5, RFXAP, or RFXANK was individually incubated with GST-fused LANA-N (aa 1 to 340), LANA-C (aa 940 to 1162), or control GST (Fig. 2E) . The GST pulldown assay showed that while LANA-N-GST associated with RFXAP very strongly, it also showed weaker interactions with the other RFX components, RFX5 and RFXANK (Fig. 2F) . Interestingly, LANA-C-GST showed a very weak interaction with RFXAP (Fig. 2F) . The lack of any binding with control GST confirmed the specificity of the binding assay (Fig. 2F) . A representative image of a Coomassiestained gel for GST fusion proteins is shown in Fig. 2F . The binding of RFXAP to the N terminus of LANA was consistent with our yeast two-hybrid data, where the N terminus of LANA (bait) identified RFXAP as a potential LANA-interacting protein (Table 2) . Since RFXAP was identified in the yeast two-hybrid assay, and it also bound most strongly to LANA in the GST pulldown assay, we focused the domain-mapping experiments on the RFXAP component of the RFX complex. The LANA region spanning aa 1 to 150 interacts with RFXAP. To further ensure that the amino terminus of LANA (aa 1 to 340) is responsible for binding to RFXAP, a coimmunoprecipitation experiment was performed with HEK293T cells, with RFXAP being transiently coexpressed with either the vector control, fulllength LANA, LANA-N (aa 1 to 340), or LANA-C (aa 940 to 1162). Immune detection with anti-Myc antibody for RFXAP showed coimmunoprecipitation of RFXAP with both full-length LANA as well as the N terminus of LANA (aa 1 to 340) but not with LANA-C (aa 940 to 1162) (Fig. 3A) . Immunoprecipitated LANA and its truncation mutants are indicated with an arrow in Fig. 3A . In line with yeast two-hybrid assay data and the GST pulldown results, this coimmunoprecipitation assay confirmed that RFXAP binds strongly to the amino-terminal domain of LANA. We were further interested in determining the regions in the amino-terminal domain of LANA sufficient to interact with RFXAP. To do this, LANA truncation regions spanning aa 1 to 340 (as a control for binding), aa 1 to 250, or aa 1 to 150 were transiently coexpressed with full-length RFXAP in HEK293T cells, and a coimmunoprecipitation assay was performed. Detection of coprecipitating RFXAP showed efficient binding with all three LANA truncations, suggesting that the LANA truncation mutant spanning aa 1 to 150 is sufficient for an interaction with RFXAP (Fig. 3B) . LANA truncations were detected with anti-Myc antibody (Fig. 3B) .
RFXAP interacts with LANA through its C terminus. The RFXAP component of the RFX complex has distinct N-terminal acidic, C-terminal glutamine-rich, and middle basic domains. Previous studies have shown that the last 43 aa at the C-terminal glutamine-rich domain of RFXAP is sufficient for the expression of the HLA-DRA gene; however, the expression of other HLA genes (HLA-DQ and HLA-DP) requires a larger C-terminal segment of RFXAP (last 130 aa) (56) . The last 43 aa in the C-terminal domain of RFXAP have been reported to interact with the other two components of the RFX complex, RFX5 and RFXANK (56) (57) (58) (59) (60) . Hence, in order to understand the mechanism of how LANA binding may affect RFX complex formation and also the assembly of a functional enhanceosome to alter the expression of MHC-II genes, we sought to determine whether LANA binds to RFXAP in the C terminus or to the functionally dispensable N-terminal region of RFXAP. To this end, we constructed Flag-tagged deletion mutants of RFXAP, as shown in Fig. 4A , and performed in vitro GST binding and coimmunoprecipitation assays to determine the RFXAP-binding domain for LANA. Full-length RFXAP (aa 1 to 272) and its truncation mutants spanning aa 1 to 150, aa 151 to 272, and aa 1 to 210 were efficiently translated in vitro, detected as a distinct band by autoradiography. A binding assay with LANA-N-GST showed interactions with full-length RFXAP (aa 1 to 272), as expected, and with the C-terminal domain (aa 151 to 272) but not with the N-terminal domains (aa 1 to 150 or aa 1 to 210) (Fig.  4B) . The GST fusion proteins (control GST or LANA-N-GST) used in this in vitro binding assay were detected by Coomassie staining (Fig. 4C) . These results suggested that LANA binds to RFXAP in the C-terminal region of aa 210 to 272, which is also the region that mediates the interaction with the other two components of the RFX complex, RFXANK and RFX5. These binding results were further confirmed by a coimmunoprecipitation assay by coexpressing the LANA N terminus fused to GFP-Myc with either the empty Flag vector or Flag-tagged RFXAP (aa 1 to 272) and its truncation mutants (aa 1 to 172, aa 1 to 210, aa 150 to 272, and aa 210 to 272). The results of this coimmunoprecipitation assay also confirmed that the N-terminal domain of RFXAP (aa 1 to 210) was dispensable for its interaction with LANA. These binding assays determined that LANA binds in the C-terminal domain of RFXAP (aa 210 to 272), which is also the interaction domain for the other components of the RFX complex. We were unable to in vitro translate the smallest truncation of RFXAP (aa 210 to 272) despite repeated attempts; therefore, it was used only in the overexpression immunoprecipitation assay.
LANA associates with the HLA-DRA promoter. The components of the RFX complex bind to the promoters of MHC-II molecules in order to promote the assembly of the multiprotein enhanceosome complex for the recruitment of CIITA (61) . Since LANA bound with the RFX complex, we wanted to determine whether LANA associates with the promoters of MHC-II genes. In order to test this, we performed chromatin immunoprecipitation (ChIP) assays with anti-LANA antibody from the KSHV-infected PEL cell lines BCBL-1 and BC-3. The results determined by quan- titative PCR (qPCR) showed copies of the HLA-DRA promoter in the chromatin precipitated with LANA antibody but not in the chromatin precipitated with control antibody in both BC-3 and BCBL-1 cells, indicating a specific association of LANA with the promoter of the HLA-DRA gene (Fig. 5Aa) . Since LANA associates with the terminal repeat (TR) sequence of the KSHV genome, we used LANA-bound chromatin for the detection of the TR as a positive control for anti-LANA ChIP. As expected, the TR sequence amplified from chromatin immunoprecipitated with anti-LANA antibody but not with the control antibody, confirming the specificity of anti-LANA ChIP (Fig. 5Ab) . A Western blot showing the efficiency of anti-LANA antibody immunoprecipitation is presented in Fig. 5Ac (Fig. 5Ba) confirmed the specific association of LANA with the HLA-DRA promoter. Immunoprecipitating YFP-LANAFlag and YFP-Flag were detected with anti-Flag antibody (Fig.  5Bb) . Since LANA bound to the chromatin of the HLA-DRA promoter in BJAB cells expressing LANA as the sole KSHV protein, it was confirmed that LANA associates with the HLA-DRA promoter without the aid of any other KSHV episomes. These data further confirmed our findings that LANA can associate with RFX proteins independent of the involvement of other viral components.
Binding of LANA to the HLA-DRA promoter was further established by an electrophoretic mobility shift assay (EMSA). For EMSAs, the radiolabeled double-stranded RFX complex-binding sequence (X-box sequence) of the HLA-DRA promoter was used as a probe (55) . The RFX complex proteins, RFX5, RFXAP, and RFXANK, as well as LANA-N were translated with cold methionine in vitro to ensure that these proteins were free of other cellular proteins. The radiolabeled X-box sequence (probe) showed binding with the RFX-Cx, as detected by a specific band (Fig. 5C, lane  2, arrow) . The binding of the RFX-Cx with the radiolabeled probe was eliminated by the addition of a 200-fold excess of a specific cold competitor (SCC) (Fig. 5C, compare lanes 2 and 3) but not with a similar fold excess of a nonspecific (scrambled) probe (nonspecific cold competitor [NSCC]) (Fig. 5C, compare lanes 2 and  4) . This confirmed that the RFX-Cx specifically binds to the X-box sequence of the probe. The addition of the in vitro-translated RFX-binding domain of LANA (LANA-N [aa 1 to 340]) to the RFX-Cx-bound probe further retarded the mobility of the complex (Fig. 5C, lane 5, circle) , confirming the association of LANA-N with the RFX-Cx bound to the X-box sequence of the HLA-DRA promoter. Since LANA-N without the RFX complex was unable to alter the mobility of free probes (Fig. 5C, lane 6) , it was confirmed that LANA-N cannot bind directly to the X-box sequence of the HLA-DRA promoter but rather binds through its association with the components of the RFX complex. The specificity of the association of LANA-N with the RFX-Cx bound to the radiolabeled probe was determined by adding anti-Myc antibody to the Myc epitope tag of LANA-N (Fig. 5C, lane 7) . The mobility of the complex was further retarded (supershifted) in the presence of anti-Myc antibody but not with mouse IgG (control antibody) (Fig. 5C , star, and compare lanes 7 and 8). This confirmed that LANA-N forms a complex with the components of the RFX complex at the HLA-DRA promoter.
LANA reduces the transcriptional activity of the HLA-DRA promoter. The expression of MHC-II genes is controlled mainly at the transcriptional level by binding of the MHC-II regulatory proteins, including the proteins of the RFX complex, at the MHC-II promoters (62) . Since LANA interacted with the RFX complex bound to the HLA-DRA promoter, we wanted to investigate whether the presence of LANA affects the activity of the HLA-DRA promoter to alter the expression of MHC-II molecules. To determine the effect of LANA, dual-luciferase reporter assays were performed by using the core HLA-DRA promoter that contained the essential cis elements required for the transcription of the HLA-DRA gene (63, 64 ). An HLA-DRA reporter assay was performed with two different cell lines: HEK293L cells, non-antigen-presenting cells chosen because of ease of transfection, and DG75 cells, antigen-presenting B cells. The results of the promoter reporter assay revealed that CIITA was able to activate HLA-DRA promoter activity in both cell lines, as expected ( Fig. 6A and B,  lane 2) . The coexpression of LANA in cells expressing CIITA reduced the luciferase activity, determined as relative luciferase units, in both HEK293L and DG75 cell lines. An increasing amount of the LANA expression vector subsequently reduced the HLA-DRA promoter activity in a dose-dependent manner ( Fig.  6A and B, lanes 3 to 5) . Importantly, the highest concentrations of LANA used in this assay completely abrogated CIITA-stimulated HLA-DRA promoter activity, making the level of activity comparable to basal levels ( Fig. 6A and B, compare lanes 1 and 5) . The finding that the amounts of overexpressed CIITA (by the CMV promoter) were comparable among those samples with increasing LANA amounts confirmed that the inhibition of the HLA-DRA promoter was not due to reduced levels of CIITA in these cells ( Fig. 6A and B) . Detection of LANA by anti-Myc immunoblotting showed increasing amounts of LANA in the lysate. Since the amino-terminal domain of LANA was able to bind to the RFX complex, we wanted to determine whether it would be sufficient to inhibit HLA-DRA promoter activity similarly to full-length LANA. To test this, we expressed increasing amounts of LANA-N in both HEK293L and DG75 cells, which showed effects on reducing the HLA-DRA promoter activity similar to those of full-length LANA (Fig. 6C and D, lanes 3 to 5) . In contrast, the C-terminal domain of LANA, which did not bind to the CIITA complex, was unable to appreciably reduce HLA-DRA promoter activity even with high levels of LANA-C expression (Fig. 6E and F) . Since comparable amounts of CIITA were overexpressed in all the test samples, the abrogation of promoter activity by full-length LANA and LANA-N is most likely due to the inhibition of the recruitment of CIITA to the enhanceosome because of LANA binding to the RFX complex. The dose-dependent inhibition of HLA-DRA promoter activity may suggest competition between LANA and CIITA to bind to the RFX complex.
LANA downregulates the expression of MHC-II molecules. Since RFX proteins are crucial for the expression of MHC-II molecules, and the expression of LANA inhibited the activity of one of the promoter (HLA-DRA) encoding MHC-II genes, we hypothesized that the binding of LANA to the components of the RFX complex may have a downstream effect on the transcription of MHC-II molecules. We therefore analyzed the levels of MHC-II transcripts in two antigen-presenting cell lines, BJAB and THP-1, stably expressing LANA through a lentiviral vector. Total RNAs extracted from control (YFP-Flag) and LANA (LANA-YFP-Flag [LYF]) cells were subjected to analysis of MHC-II genes by using a quantitative real-time PCR (qRT-PCR) assay. Since LANA also downregulates the expression of CIITA to consequently repress the expression of MHC-II molecules (17), we took lower levels of CIITA into account in determining the transcript levels of HLA genes by normalizing the levels of CIITA in LANA-expressing cells to those in control cells. While it was difficult to distinguish the percentages of MHC-II downregulation due to the binding of LANA with the RFX complex from the reduced expression of CIITA (LANA-mediated downregulation of the CIITA promoter) (17), we presumed that normalized levels of CIITA would yield comparable levels of MHC-II genes, if no other mechanism was involved. Therefore, we calculated the levels of MHC-II genes by determining the ratio of the level of CIITA in LANA-expressing cells to that in control cells, which was 0.6 Ϯ 0.1. To compensate for the reduced levels of CIITA in LANA-expressing cells, the transcript levels of MHC-II genes were determined by multiplying the ratios of transcript levels of MHC-II genes by 1.66 (CIITA levels were reduced to 0.6-fold; therefore, the multiplication factor was 1/0.6 ϭ 1.66). Importantly, the transcripts levels of all the classical MHC-II genes (HLA-DRA, HLA-DRB, HLA-DPA, HLA-DPB, HLA-DQA, and HLA-DQB) were downregulated significantly, even after normalization of the CIITA levels, in LANA-expressing BJAB as well as THP-1 cells (BJAB-LYF and THP-LYF, respectively) compared to their respective BJAB-YFP and THP-YFP control cells (Fig. 7A and C) . The results of the reporter assays, where CIITA was expressed through a CMV promoter (the levels of CIITA were unaltered with LANA), showing a reduction in HLA promoter activity as well as the above-described CIITA levels normalized to MHC-II expression levels strongly advocate for an involvement of additional mechanisms in the downregulation of MHC-II genes by LANA along with the reduction of CIITA expression. Prevention of binding of CIITA to HLA promoters is one such plausible mechanism. Western blot analysis of MHC-II levels in these LANA-expressing BJAB and THP-1 cells showed reduced levels of MHC-II expression compared to those in control, YFP-expressing cells (Fig. 7B and D) . Immunoblotting for the detection of LANA-YFP-Flag and YFP-Flag in these BJAB and THP-1 cells confirmed the expression of LANA (Fig. 7B and D) . Furthermore, the expressions of MHC-II genes in the KSHV-infected PEL cell lines BC-3 and BCBL-1 showed significantly reduced levels compared to those in KSHV-negative BJAB cells, analyzed by normalizing the levels of CIITA (Fig. 7E) . We were unable to detect mRNAs of HLA-DQB in KSHV-infected cells, even after multiple attempts; therefore, HLA-DQB was excluded from the relative mRNA calculation. Immunodetection of MHC-II expression in KSHV-infected cells showed very low levels compared to those in KSHV-negative BJAB cells (Fig. 7F) . These results corroborate the results reported previously by Cai et al. (17) , who showed reduced expression levels of MHC-II proteins during KSHV infection.
LANA interferes with the association of CIITA with RFXAP. Since LANA interacted with the RFX complex at the HLA-DRA promoter and downregulated the expression of MHC-II molecules through other mechanisms in addition to CIITA downregulation, we hypothesized that LANA might interfere with the binding of CIITA to RFXAP to disrupt the formation of a functional enhanceosome. To test this hypothesis, we immunoprecipitated CIITA and analyzed coimmunoprecipitating RFXAP in the presence or absence of the RFXAP-binding region of LANA (LANA-N) in an overexpression system using HEK293T cells (Fig.  8A) . As expected, RFXAP efficiently coimmunoprecipitated with CIITA in the absence of LANA-N but not with the control (Fig.  8A, lanes 5 and 6) . However, the amounts of coimmunoprecipitating RFXAP were significantly reduced in the presence of LANA-N (Fig. 8A, lanes 7 and 8) . The binding of RFXAP to CIITA was very weak at increased amounts of LANA-N (Fig.  8A, lane 8) , confirming that the binding of LANA to RFXAP blocked the binding of CIITA to RFXAP. Furthermore, LANA did not coimmunoprecipitate with CIITA, indicating that LANA does not directly interact with CIITA (Fig. 8A, lanes 7  and 8) .
A similar immunoprecipitation assay was also performed by using a cell-free system where CIITA, components of the RFX complex, and the LANA N terminus (aa 1 to 340) were translated in vitro for a coimmunoprecipitation assay with CIITA in the presence of LANA-N (aa 1 to 340). Immunoprecipitation of CIITA with anti-Flag antibody coprecipitated RFX5 (component of the RFX complex) (Fig. 8B, lane 6) . The other components of the RFX complex did not coprecipitate with CIITA in this cell-free system, indicating that the direct interaction between CIITA and RFXAP/ RFXANK is very weak when these proteins are translated in vitro. Interestingly, the coimmunoprecipitation of RFX5 was significantly reduced in the presence of LANA-N (Fig. 8B, lanes 7 and 8) , confirming that the binding of LANA with the components of the RFX complex results in a reduced binding of CIITA to the RFX complex.
CIITA does not possess any direct DNA-binding domain but is recruited to the MHC-II promoters via interactions with the proteins of the MHC-II enhanceosome complex, including the proteins of the RFX complex (44) . We speculated that a reduction in the binding of CIITA to the components of the RFX complex would result in a reduced binding of CIITA to the enhanceosome of the MHC-II promoter. To confirm this, we performed anti-CIITA ChIP assays with BJAB cells stably expressing LANA (BJAB-LYF) and compared the binding of CIITA to the MHC-II promoter in these cells to that in cells without LANA (BJAB-YF). qPCR analysis of the ChIP assay data revealed that the association of CIITA with the HLA-DRA promoter was significantly reduced in LANA-expressing BJAB cells compared to that in cells without LANA (Fig. 8Ca) . The efficiency of the anti-CIITA antibody for immunoprecipitation in BJAB cells expressing LANA-YFP-Flag and YFP-Flag was analyzed, which showed comparable levels of CIITA in both cell types (Fig. 8D) . LANA was detected with antiFlag antibody in BJAB-LYF cells, as expected (Fig. 8Da) . Furthermore, in the PEL cell lines BC-3 and BCBL-1, the shRNA-mediated reduction of LANA levels resulted in an increased association of CIITA with the chromatin of HLA-DRA (Fig. 8Cb and c) , confirming a direct role of LANA in CIITA binding to the HLA-DRA promoter. shRNA for LANA significantly reduced the levels of LANA, which was confirmed by anti-LANA immunoblotting (Fig. 8Db and c) . Anti-CIITA antibody precipitated comparable amounts of CIITA from shControl or shLANA cells (Fig. 8Db and  c) , confirming that the reduced levels of the HLA-DRA promoter were not due to reduced amounts of immunoprecipitated CIITA. As these results showed that the presence of LANA abrogates and the depletion of LANA facilitates CIITA binding to the promoter to regulate MHC-II expression, we performed a ChIP assay by expressing CIITA driven by the CMV promoter (to obtain equal expression levels of CIITA in all samples) to rule out the possibility that the reduction in CIITA binding to the HLA-DRA promoter was not due to reduced expression of CIITA by LANA. We over- CIITA to HLA-DRA chromatin (Fig. 8Cd) . The expression and immunoprecipitation of LANA and CIITA were detected by antiMyc and anti-Flag immunoblots, respectively (Fig. 8Dd) .
Finally, to gain a better understanding of the mechanism by which LANA could be interfering with the recruitment of CIITA and the assembly of a functional enhanceosome, we investigated whether the binding of the components of the RFX complex to the enhanceosome is affected in the presence of LANA. To address this, we analyzed the binding of RFXAP and RFX5 on the HLA-DRA promoter by performing ChIP assays on cells stably express- (A and B) , the RFXAP-interacting domain of LANA, the amino-terminal domain of LANA (C and D), or the carboxy-terminal domain of LANA (LANA-C) (E and F). The cell lysates were used for measuring luciferase activities using a dual-luciferase assay kit. Relative luciferase units were calculated relative to the basal promoter activity. Lane 1, basal DRA-luciferase activity; lane 2, CIITA-stimulated DRA-luciferase activity; lane 3, CIITA-stimulated DRA-luciferase activity with 1 g of LANA or a truncation (LANA-N or LANA-C); lane 4, CIITA-stimulated DRA-luciferase activity with 2 g of LANA or a truncation (LANA-N or LANA-C); lane 5, CIITA-stimulated DRA-luciferase activity with 3 g of LANA or a truncation (LANA-N or LANA-C). The error bars represent standard deviations of the means from at least three experimental replicates. Equal amounts of cell lysates from each experimental set were used for the detection of overexpressed CIITA and LANA proteins. The GAPDH immunoblot shows equal loading of the cell lysates.
ing LANA and also on PEL cells depleted of LANA. We did not observe any significant difference in the association of RFXAP with the HLA-DRA promoter in BJAB cells without or with LANA expression, as BJAB-YF and LYF cells showed similar levels of the chromatin-bound HLA-DRA promoter (Fig. 9Aa) . The depletion of LANA by shRNA did not significantly change the association of RFXAP with HLA-DRA in both PEL cell lines BC-3 and BCBL-1, as shControl and shLANA cells showed similar levels of the chromatin-bound HLA-DRA promoter (Fig. 9Ab and c) . The efficiencies of RFXAP immunoprecipitations from BJAB and PEL cells showed comparable levels of RFXAP in the respective sets of cells (Fig. 9Ad to f) . These results suggest that LANA interacts with RFXAP bound to the HLA-DRA promoter and does not interfere with the binding of RFXAP to the HLA-DRA promoter.
Since the interaction of RFX5 with RFXAP is necessary for the binding of RFX5 to the MHC-II promoters (65) , and LANA binds to the same domain of RFXAP that is required for the interaction of RFXAP with RFX5, we speculated that the association of LANA with RFXAP may result in a reduced binding of RFX5 to the HLA-DRA promoter. Interestingly, the association of RFX5 with the chromatin of the HLA-DRA promoter was significantly reduced in BJAB cells expressing LANA (BJAB-LYF) compared to control cells (BJAB-YF) (Fig. 9Ba) . Additionally, RFX5 binding to chromatin of the HLA-DRA promoter was enhanced in LANA-depleted, KSHV-positive BC-3 and BCBL-1 cells (Fig. 9Bc and d) . Immunoprecipitation with anti-RFX5 antibody showed comparable levels of RFX5 proteins in the respective sets of cells (Fig. 9Bd  to f) . Disrupted binding of RFX5 with the RFXAP component was further confirmed in a coimmunoprecipitation assay with the expression of LANA-N (RFXAP-binding domain of LANA). While RFX5 but not the control vector efficiently coimmunoprecipitated RFXAP (Fig. 9C, lanes 4 and 5) , coimmunoprecipitation of RFXAP with RFX5 was reduced in the presence of LANA-N (Fig. 9C , compare lane 6 with lane 5). A detectable level of LA-NA-N coimmunoprecipitating with RFX5 (Fig. 9C, lane 6) further supported the binding of LANA with RFX components. Collectively, these data show that the binding of LANA with the components of the RFX complex inhibits the binding of RFX5 and CIITA without affecting the binding of RFXAP to the HLA-DRA promoter.
DISCUSSION
KSHV has evolved excellent immune evasion and immune modulation strategies that allow it to establish lifelong latency. Some of these strategies have been identified, but KSHV most likely has many more strategies up its sleeve to sabotage host immunity. Of these, targeting of the MHC-II antigen presentation pathway seems to be very crucial because MHC-II molecules can present virally derived antigens to CD4 ϩ T lymphocytes (66) and turn on adaptive antiviral immune responses. In addition to coordinating adaptive immune responses, activated CD4 ϩ T cells also play a direct cytolytic role in killing infected cells displaying viral antigens in conjugation with MHC-II molecules (67) . So far, two KSHV latent proteins, vIRF3 and LANA, have been shown to inhibit the MHC-II antigen-presenting pathway (17, 23, 25) . LANA was previously reported to inhibit the expression of MHC-II molecules via the suppression of CIITA transcripts (17) . The data presented here establish yet another mechanism used by LANA to evade the host immune system. Here, we show that LANA disrupts the assembly of a functional MHC-II enhanceosome by interacting with the components of the RFX complex and thereby contributes to the inhibition of the MHC-II pathway. To the best of our knowledge, this is the first study that shows the disruption of a functional MHC enhanceosome by any virus to subvert host immunity.
The expression of MHC-II molecules is controlled primarily at the level of transcription by a set of highly conserved transcription factors (29) . Of these, transcription factors of notable importance are CIITA and the three components of the RFX complex, RFX5, RFXAP, and RFXANK. The fact that defects in any of these four genes can result in bare lymphocyte syndrome (BLS), characterized by severely reduced expression of MHC-II genes, highlights the significance of these four proteins in the regulation of MHC-II genes (66, 68, 69) . The transcription of all MHC-II genes is highly coordinated and is strictly contingent upon the binding of CIITA to the promoters of MHC-II. CIITA is a non-DNA-binding MHC-II transactivator that is recruited to the promoters of MHC-II genes via protein-protein interactions with the transcriptional factors preassembled at the promoters of MHC-II genes, termed the MHC-II enhanceosome (29) . RFX proteins are very important components of the MHC-II enhanceosome, and binding of CIITA to the promoters of MHC-II requires its interactions with the components of the RFX complex. Binding of CIITA to MHC-II promoters is believed to be absolutely essential for the expression of MHC-II genes, as alternate pathways for MHC-II expression are not yet known to exist. Targeting of the RFX proteins and CIITA is therefore a very effective strategy for escaping host adaptive immunity. Cai et al. previously reported that LANA deregulates CIITA transcription, resulting in the downregulation of MHC-II expression (17) . In this study, we have identified a novel mechanism by which KSHV LANA disrupts the association of a functional enhanceosome to suppress the transcription of MHC-II genes. Our report shows that LANA binds to the components of the RFX complex, which prevents the recruitment of the transactivator CIITA to the promoters of MHC-II genes to form a functional enhanceosome for downregulating the expression of MHC-II genes.
We identified RFX transcription factors as LANA-interacting proteins in a yeast two-hybrid screen. We further validated the interactions between LANA and RFX proteins using in vivo and in vitro assays. Our data show that LANA directly interacts with all three components of the RFX complex, RFX5, RFXAP, and RFX-ANK, and prevents the binding of CIITA to the promoters of MHC-II genes. While LANA can bind to all three components of the RFX complex, it has a higher affinity for RFXAP.
We demonstrated that the domain responsible for the interactions of LANA with RFX transcription factors is the N-terminal domain of LANA. Cai et al. reported that the C-terminal domain of LANA is involved in the downregulation of MHC-II by binding with IRF4 (17) . The involvement of multiple domains of LANA in the downregulation of MHC-II emphasizes the importance of inhibiting the MHC-II pathway during KSHV latency. Since the amino-terminal domain of LANA is known to associate with host chromatin (51, 70) , the possibility that LANA might be interacting with the RFX proteins indirectly through chromatin-binding factors was raised. However, the interactions between the N terminus of LANA and RFX proteins was verified in a cell-free system by using in vitro-translated LANA and RFX proteins, which confirmed that these interactions are direct and independent of any cellular or viral factors.
RFXAP contains three biochemically distinct regions in its primary sequence, including an acidic region, a basic region, and a glutamine-rich region. Of these regions, the C-terminal region, which includes the basic and the glutamine-rich regions, is a highly conserved region (71) . This region is both necessary and sufficient for its interactions with the other components of the RFX complex, RFX5 and RFXANK (32, 41, 59, 60, 72) . Since LANA bound to the C-terminal region of RFXAP, we hypothesized that binding of LANA to the C terminus of RFXAP may disrupt the assembly of a functional RFX complex by reducing its association with either RFX5, RFXANK, or both. In support of this hypothesis, when we pulled down in vitro-translated components of the RFX complex through LANA, we observed a distorted stoichiometry of the RFX complex, marked by a noticeably reduced association of RFX5 in the immunoprecipitated complex. This suggests that the binding of RFXAP to LANA partially excludes RFX5 from the RFX complex, which has important implications for recruiting CIITA to the MHC-II promoters, because RFX5 and RFXANK, but not RFXAP, are known to interact directly with CIITA (43, 59, 71, 73) . Indeed, the association of CIITA at the HLA-DRA promoter was reduced in the presence of LANA in ChIP assays. We also demonstrated that coprecipitation of RFX5 was reduced in the presence of LANA when in vitro-translated components of the RFX complex were coimmunoprecipitated with CIITA. RFXAP did not directly coimmunoprecipitate with CIITA in a cell-free system, probably due to the lack of direct interactions between CIITA and RFXAP in the cell-free system or due to the lack of proper posttranslational modifications of these two proteins. However, when tested in vivo, coimmunoprecipitation of RFXAP with CIITA was reduced in a coimmunoprecipitation assay, affirming that the association of CIITA with RFX proteins was reduced in the presence of LANA.
We further showed that LANA associates with MHC-II promoters in order to disrupt the binding of CIITA with the RFX complex using an anti-LANA ChIP assay. However, LANA does not directly associate with the X-box DNA sequence, a conserved cis-acting RFX complex-binding domain on MHC-II promoters. Instead, LANA is recruited to the MHC-II promoters by binding to the RFX proteins, as evident by the results of electrophoretic mobility shift assays performed by using in vitro-translated RFX proteins and the amino-terminal domain of LANA. We anticipated that the association of LANA at MHC-II promoters inhibits MHC-II promoter activity, which subsequently results in reduced transcription and expression of MHC-II genes. As expected, the presence of full-length LANA as well as the N terminus of LANA, which binds to RFX complex proteins, efficiently and dose-dependently reduced the HLA-DRA promoter activity in luciferase reporter assays. While all the necessary components of the MHC-II transcription machinery are constitutively expressed in all cell types, the expression of CIITA is restricted to professional antigen-presenting cells only. However, the expression of CIITA can be induced in most cell types by IFN-␥ treatment. Hence, in order to induce HLA-DRA promoter activity, we treated the cells with IFN-␥, which induced CIITA expression and HLA-DRA promoter activity but was suppressed in the presence of LANA (data not shown). While we observed an efficient inhibition of the HLA-DRA activity induced by IFN-␥ treatment in the presence of LANA, the report by Cai et al. (17) raised the possibility that this inhibition could be because of reduced expression of CIITA, as LANA inhibits the activity of CIITA promoters PIII and PIV. In order to alleviate the effect of LANA on CIITA repression and the subsequent reduction of HLA promoter activity, we modified our luciferase reporter assays and expressed CIITA from a constitutively active CMV promoter, which showed comparable expression levels in the presence and absence of LANA. Our data showed that even when CIITA was expressed through a CMV promoter, the activity of the HLA-DRA promoter was efficiently and dosedependently downregulated by full-length LANA as well as the amino-terminal domain of LANA. These results confirm that in order to ensure efficient inhibition of MHC-II transcription, LANA interferes with the binding of existing CIITA to the HLA promoters and disrupts the formation of a functional enhanceosome. In our coimmunoprecipitation experiments, we did not find CIITA interacting with LANA, suggesting that LANA does not directly associate with CIITA. Taken together, these data confirm that LANA binds to RFX proteins and thereby interferes with the recruitment of CIITA to MHC-II promoters. The eventual effect of LANA-mediated interference in CIITA binding to MHC-II promoters is reduced transcription and expression of MHC-II genes.
In an attempt to identify the mechanism by which LANA disrupts the MHC-II enhanceosome, we discovered that the association of LANA with RFXAP did not prevent the association of RFXAP with the HLA-DRA promoter, but it reduced the binding of RFX5 with RFXAP, as demonstrated by a ChIP assay. The reduced binding of RFX5 to the HLA-DRA promoter in the presence of LANA was most likely due to the binding of LANA to RFXAP in the same region as that of RFX5 binding, thus disrupting the association of RFXAP with the RFX complex. Notably, an association of RFXAP with RFX5 is required for relieving the autoinhibition of RFX5 that prevents the DNA-binding activity of RFX5 (65) . Our ChIP data supported this hypothesis, as the association of RFX5 with the HLA-DRA promoter was reduced in the presence of LANA. Based on the overall results of this study, we propose a model (Fig. 10 ) in which LANA disrupts the assembly of the functional enhanceosome necessary for the expression of MHC-II genes. Our findings on the association of LANA with the components of the RFX complex have implications for the expression of MHC-I molecules as well. The transcription of MHC-I genes is regulated by the binding of the NLRC5 transcriptional coactivator to the MHC-I promoter in a fashion similar to that of the regulation of MHC-II genes by CIITA (74) . NLRC5-mediated expression of MHC-I requires its association with RFX proteins for the However, in KSHV-infected cells, the KSHV latent protein LANA, as shown previously, reduces the transcriptional activity of CIITA promoters PIII and PIV, resulting in reduced expression of CIITA, which in turn contributes to an inhibition of MHC-II genes. There is an additional mechanism to inhibit the binding of residual CIITA to the promoters of MHC-II. The results of the present study show that LANA binds to the components of the RFX complex at MHC-II promoters and disrupts the assembly of these factors. The disrupted RFX complex is unable to recruit CIITA and thus mitigates the efficiency of residual CIITA in stimulating MHC-II transcription. The culminating effect of these pathways leads to a reduction in the transcription of MHC-II genes.
optimal transcription of MHC-I genes (74) . Hence, a disruption of the RFX complex by LANA may result in a reduced binding of NLRC5 to the MHC-I enhanceosome, thus leading to reduced expression of MHC-I genes as well. MHC-I antigen presentation is critical for the activation of CD8 ϩ T cells, which has also been shown to play an important role in controlling KSHV infections (75, 76) . The role of LANA in inhibiting MHC-I through this mechanism remains to be explored, but targeting of the RFX complex by KSHV appears to help the virus dodge both MHC-I and MHC-II antigen-presenting pathways and consequently evade CD4 ϩ T and CD8 ϩ T cell immunities simultaneously. Given that collective T cell immunity is very critical in mounting an antiviral host response (18, 77, 78) , targeting of the RFX complex gives an edge to KSHV in establishing lifelong persistence in the infected host.
In summary, we identified a new mechanism used by LANA to inhibit the expression of MHC-II molecules. LANA disrupts the functional MHC-II enhanceosome by binding to the RFX transcription factors and thus reduces the binding of the master regulator CIITA to the MHC-II promoters. The overall effect of the disruption of the functional enhanceosome is a reduction in the transcription of MHC-II genes, leading to a lower level of MHC-II expression. There may be an involvement of multiple strategies by KSHV to completely block the expression of MHC-II molecules on the cell surface, as demonstrated previously (25) . Inhibition of the MHC-II antigen presentation pathway is very crucial for the establishment of effective lifelong KSHV latency, and hence, LANA as well as other latent proteins of KSHV are likely to target multiple immune pathways at multiple steps in order to efficiently block MHC-II expression.
